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Human judgment is frequently impaired by distracters extending across our ﬁeld of view. Howwe extract
relevant information from a spatially restricted region in a complex scene in spite of this impairment is
an important issue in vision. Recently, it has been shown that this impairment can be reduced by increas-
ing the number of surrounding distracters without changing the density, thus increasing the total area
covered by the distracters. Little, however, is known regarding the underlying mechanism(s). Here, we
tested the hypothesis that visual impairment by distracters is due to integration of irrelevant information
across space, and that further addition of distracters produces contraction of the spatial integration ﬁeld.
Human subjects were instructed to judge the direction of motion within a center disk and to ignore
motion noise in the surrounding annulus in a random dot kinematogram. We observed a non-monotonic
effect of the size of the annulus, in which the subjects’ discrimination thresholds at ﬁrst increased, and
then decreased as the size of the annulus became larger. We further investigated how weak coherent
motion in the surrounding annulus interferes with the subjects’ performance. Importantly, we found that
the amount of interference decreases with the addition of surrounding motion noise, consistent with the
hypothesis that the addition of distracters produces contraction of the range of spatial integration. Our
results suggest that integration within a visual receptive ﬁeld causes impairment by distracters across
our visual ﬁeld, and that contraction of the range of integration can counteract this impairment.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
When subjects are instructed to report characteristics (such as
the orientation) of a target surrounded by distracters, it is difﬁcult
to ignore the distracters. Spatial interactions of this sort, referred to
as crowding, have been studied using various visual stimuli,
including letters (Bouma, 1970), bars (Andriessen & Bouma,
1976; Westheimer & Hauske, 1975; Westheimer, Shimamura, &
McKee, 1976), and motion stimuli (Bex & Dakin, 2005; Bex, Dakin,
& Simmers, 2003). Conventional studies of this sort have examined
the degree of spatial interaction by varying the distance between
target and distracter, and have found suppressive effects on detec-
tion and discrimination of visual stimuli. Two recent studies using
orientation discrimination, however, showed that this suppressive
effect can be reduced by increasing the number of distracters (Li,
Thier, & Wehrhahn, 2000; Poder, 2006). When the number of
distracters exceeds a certain amount, the subject’s performance
improves, compared to cases in which there are fewer distracters.ve Sciences, Center for Visual
USA.
-NC-ND license.The mechanism underlying this phenomenon, however, is not yet
understood.
As a ﬁrst step towards investigating the mechanisms of this tar-
get–distracter interaction, we measured the effects of surrounding
motion noise on the discrimination of motion direction in humans.
The use of a motion display is advantageous for several reasons.
First, in non-human primates, the neural substrates of motion
detection are well understood, both in early (V1, e.g., DeValois,
Yund, & Hepler, 1982; Hawken, Parker, & Lund, 1988; Orban,
Kennedy, & Bullier, 1986; Snowden, Treue, & Andersen, 1992)
and intermediate (MT, e.g., Allman & Kaas, 1971; Dubner & Zeki,
1971; Maunsell & Van Essen, 1983) visual areas. Second, the neural
substrates and mechanisms of direction discrimination are fairly
well understood (Britten, Newsome, Shadlen, Celebrini, &
Movshon, 1996; Britten, Shadlen, Newsome, & Movshon, 1992;
Salzman, Murasugi, Britten, & Newsome, 1992; Shadlen, Britten,
Newsome, & Movshon, 1996). Thus, measurements in human can
lead to further investigation in monkeys. In this study, we mea-
sured direction discrimination thresholds to visual motion in a
center/surround random dot kinematogram. Subjects were in-
structed to judge the direction of motion within the center disk
and to ignore the dots in the surrounding annulus. We conﬁrmed
not only impairment in performance, but also a recovery in perfor-
mance when the width of the annulus exceeded a particular size.
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due to integration of motion signals from the center and surround
(Parkes, Lund, Angelucci, Solomon, & Morgan, 2001), there are at
least two ways to explain the recovery in performance when the
surround size was larger. One is that an increase in sensitivity oc-
curred, such as when a visual stimulus becomes more salient with
increased contrast. In this case, subjects cannot ignore the sur-
round, but performance recovers because they are better at dis-
criminating weak motion signals. This assumes that the
mechanisms underlying the deterioration and recovery with an in-
crease in annulus width are independent. Another explanation is
that the range of integration decreases when the surround size is
larger. In this case, subjects are better at ignoring the surround,
and hence performance recovers.
To distinguish between these possibilities, we investigated how
weak coherent motion in the surrounding annulus interferes with
the subjects’ performance. Subjects could not ignore motion in the
immediate vicinity of the target, and judgments were biased to-
ward the direction of motion in the annulus. This bias, however,
was reduced when motion noise was presented further out, consis-
tent with the hypothesis that the addition of distracters produces
contraction of the range of spatial integration. Our results suggest
that integration within a visual receptive ﬁeld results in impaired
performance by distracters across our visual ﬁeld, and that con-
traction of the range of integration can counteract this impairment.2. Material and methods
Eight subjects (six male, two female, age 27–38) with normal or
corrected-to-normal visual acuity participated in this study, two of
whom were authors. The protocols described here were approved
by the Juntendo University ethics committee. All subjects gave
written informed consent.2.1. Task and visual stimulus
Each subject sat in front of a 22-in. color monitor (Iiyama
HM204DA), placed 57 cm in front of his or her eyes, with the head
ﬁxed in position using a chin rest and head strap. The display sub-
tended a visual angle of 40  30 with a resolution of 1280  960
pixels, and was refreshed at 100 Hz. Visual stimuli were generated
using a dual-CPU workstation running Windows XP. Random-dot
stimuli were programmed in Microsoft Visual C++ using OpenGL li-
braries, and were displayed by an OpenGL accelerator board (Qua-
dro4 900 XGL, NVidia). Dot density was 64 dots per square degree
per second, with each dot subtending 0.1. Smooth motion was
achieved by plotting dots with sub-pixel resolution, using the
hardware anti-aliasing capabilities of the OpenGL accelerator
board.
Subjects ﬁxated on a yellow spot (0.2  0.2 ; luminance 143
cd/deg2) over a black background (luminance 0.0 cd/deg2). A
center/surround random dot pattern was presented for 200 ms,
located 10 to the left of the ﬁxation point (Fig. 1A). Center dots
were red, and dots in the surrounding annulus were green with
the same luminance (36.1 cd/deg2). The subjects were required to
discriminate whether the direction of motion of the dots within
the center disk (radius 1.5) was upwards or downwards by press-
ing one of two buttons. They were also instructed to ignore the mo-
tion in the annulus. The motion signal within the center disk was
titrated by manipulating the percentage of coherently moving dots
in the random-dot display. Coherently moving dots were assigned
one of two motion directions (up versus down at 10 deg/s) during
each trial, and the remaining dots were randomly replotted every
four frames. All dots in the annulus were always randomly replot-
ted every four frames. Subjects performed the task at the followingcenter motion coherence levels and annulus width: 4%, 8%, 16%,
32%, or 64% and 0, 0.75, 1.5, 3, or 4.5. Here, we denote annulus
width as the difference between the outer and inner radii of the
annulus. The motion coherences and annulus width were pseu-
do-randomly interleaved. Feedback was given using tone beeps.
The subjects performed 30 repetitions for each stimulus condition.
In the second experiment, the visual stimulus consisted of
three layers (Fig. 3A). The center disk (radius 1.5) was the same
as in the ﬁrst experiment: dots within the center disk moved up
or down at one of the following motion coherence levels: 4%, 8%,
16%, 32%, or 64%. Dots in the inner annulus (width 1.5) moved
up or down at 16% coherence. The motion coherence of dots in
the outer annulus (width 3) was 0% and this annulus was pre-
sented in half the trials. Center dots were red, and dots in the
other two annuli were green. Subjects were instructed to judge
the direction of motion of the center disk and to ignore the mo-
tion in the inner and outer annuli.2.2. Data analysis
To calculate a psychophysical threshold in the ﬁrst experiment,
the proportion of correct responses (p) at each annulus width was
ﬁtted separately with a cumulative Gaussian function using psigni-
ﬁt version 2.5.6, a Matlab software package that implements the
maximum-likelihood method of Wichmann and Hill (2001a). The
parameter r was used as an estimate of the 84% threshold. Conﬁ-
dence intervals were calculated using the bootstraps derived from
psigniﬁt (Wichmann & Hill, 2001b) and statistical signiﬁcance was
assessed by calculating the differences between bootstraps and
determining the proportion that overlapped with 0.
In the second experiment, data were sorted into four condi-
tions: dots in the inner annulus moving up or down and with or
without the outer annulus. Data for each condition were ﬁtted sep-
arately, using the cumulative Gaussian function. Statistical analy-
ses were done in the same way as the ﬁrst experiment.3. Results
3.1. Effect of the amount of motion noise on motion direction
discrimination
Subjects judged the direction of motion (up or down) of the dots
in the center disk and ignored the motion noise in the annulus in a
center/surround random dot kinematogram (Fig. 1A). Center dots
and annulus dots were easily distinguished by their color: dots in
the center disk were red and those in the surrounding annulus
were green. The radius of the center disk was ﬁxed at 1.5, at 10
eccentricity, and the annulus width (0–4.5) and the strength of
the motion signal (percentage of coherently moving dots, 4–64%)
of the center disk varied across trials. To quantify the effect of
the size of the surrounding annulus on performance, we measured
discrimination thresholds for each annulus width.
Fig. 1B shows representative results from one subject. The pro-
portion of upward choices is plotted against motion coherence for
each annulus width. The slope of the curves varied depending on
annulus width, indicating that sensitivity to motion changed due
to surrounding motion noise. To quantify how sensitivity was al-
tered, 84% thresholds were plotted against annulus width in
Fig. 2 (data from the subject in Fig. 1B is shown at the upper left).
With no annulus, the subject performed well, with a threshold of
23.4%. With an annulus of 0.75, the subject’s threshold increased
to 32.6%. However, with an annulus larger than 0.75, the subject’s
threshold started to decrease rather than reaching a plateau. Thus,
thresholds ﬁrst increased and then decreased as the width of the
annulus became larger.
Fig. 1. The effect of annulus size on motion direction discrimination. (A) Visual stimulus. A center–surround random dot pattern was presented for 200 ms, located 10 to the
left of the ﬁxation point. The radius of the center was 1.5 and the width of the annulus varied from 0 to 4.5. Dots in the center disk moved up or down. The strength of the
motion signal was determined by ‘‘motion coherence,’’ which corresponded to the percentage of dots moving either up or down. Motion coherence of the center dots ranged
from 4% to 64%. Motion coherence of the dots in the annulus was ﬁxed at 0%. Subjects were instructed to judge the direction of motion of dots within the center disk and to
ignore the motion in the annulus. FP: ﬁxation point. (B) The proportion of upward responses was plotted against motion coherence for each annulus size in a representative
subject. Negative motion coherences indicate downward motion. Data were ﬁtted using a cumulative Gaussian function.
Fig. 2. Increase and decrease in motion discrimination thresholds with added noise. Psychophysical thresholds were plotted as a function of annulus width for all eight
subjects. Data from the subject in Fig. 1B is shown at the upper left. Error bars denote 68% conﬁdence intervals, a non-parametric correspondence to SD. Asterisks show cases
where the threshold for the 0.75 versus 4.5 annulus condition was signiﬁcantly different (Bootstrap, p < 0.05). Average (±SEM) data across all subjects is shown with a thick
line.
Fig. 3. The range of spatial integration decreased with added motion noise. (A) Visual stimulus consisting of three layers. The center disk (radius 1.5) was the same as in the
ﬁrst experiment: dots moved up or down at 4–64% motion coherence. Dots in the inner annulus (width 1.5) moved up or down at 16% coherence. An outer annulus (width
3) with 0% motion coherence was presented in half of the trials. Subjects were instructed to judge the direction of motion of the center disk and to ignore the motion in the
inner and outer annuli. (B) The proportion of upward choices was plotted against motion coherence in a representative subject. Negative motion coherences indicate
downward motion. The black curves correspond to cases in which the dots within the inner annulus were moving up (ﬁlled circles) or down (open circles), and the outer
annulus was not presented. The red curves correspond to cases in which the dots within the inner annulus were moving up (ﬁlled triangles) or down (open triangles), and the
outer annulus was presented. Data were ﬁtted using a cumulative Gaussian function. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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subjects. Thresholds from the other seven subjects are plotted in
Fig. 2. Individually, all eight subjects showed larger thresholds
for the 0.75 versus 4.5 annulus condition with four subjects
reaching statistical signiﬁcance (Bootstrap, p < 0.05). The average
threshold across subjects is shown in Fig. 2 using a thick line. With
no annulus, the subjects’ threshold was 20.7%, and increased to
28.4% with an annulus of 0.75. With an annulus larger than
0.75, thresholds started to decrease rather than reaching a pla-
teau. The threshold for the 0.75 versus 4.5 annulus condition
was signiﬁcantly different (Wilcoxon signed-rank test, n = 8,
p = 0.012).
3.2. Decrease in the range of spatial integration or increased sensitivity
to motion?
To address the mechanism underlying this phenomenon, we
further determined psychophysically whether the recovery in per-
formance with a large annulus was due to contraction of the range
of spatial integration of motion signals or an increase in sensitivity
to motion. To do so, we conducted an additional experiment in
which we presented three layers of dots (Fig. 3A). The center disk
(radius 1.5) was the same as in the ﬁrst experiment: dots were
red, and the strength of the motion signal varied across trials.
Green dots within the inner annulus (width 1.5) moved up or
down at 16% coherence, a value close to that of the threshold. An
outer annulus with a width of 3 containing dots that were replot-
ted randomly (0% coherence) was also presented in half of the tri-
als. Subjects were instructed to ignore the motion of dots outside
the center disk. We hypothesized that if the range of spatial inte-
gration decreased with added motion noise, the subjects should
be more capable of ignoring the motion in the inner annulus when
the outer annulus was presented.
Fig. 3B shows representative results from one subject. The pro-
portion of upward choices is plotted against the motion coherence
of the center dots for four conditions: dots in the inner annulus
moving up or down, each with or without the outer annulus. The
black lines show data without the outer annulus. Despite the
instruction, the subject’s choice was biased towards the movement
of the dots in the inner annulus. This is consistent with the idea
that impaired performance in our ﬁrst experiment was due to spa-
tial integration (Parkes et al., 2001). To determine the degree of the
subject’s choice bias, we measured the horizontal shift between
the two black lines at the halfway point of the curves. The horizon-
tal shift was 10.3% without the outer annulus. We next measured
the horizontal shift when the outer annulus was present (red
curves). If the range of spatial integration decreases with added
motion noise, the subjects should be more capable of ignoring mo-
tion in the inner annulus; thus, horizontal shift upon presentation
of the outer annulus should be smaller compared to horizontal
shift without the outer annulus. This was indeed the case; the hor-
izontal shift was0.54% with the outer annulus compared to 10.3%
without the outer annulus, which is consistent with the idea that
the range of spatial integration decreased with added motion
noise. We also observed a change in sensitivity. The slope of the
psychometric function was steeper when the outer annulus was
presented. Indeed, average 84% threshold was 23.1% without the
outer annulus and 16.6% with the outer annulus. Thus, both a de-
crease in the range of spatial integration and an improvement in
sensitivity were observed in this subject.
A decrease in horizontal shift was observed in all eight subjects
who participated in this experiment (Fig. 4A; data from the subject
in Fig. 3B is shown at the upper left). For all subjects, horizontal
shift was smaller when the outer annulus was presented, with
three subjects reaching statistical signiﬁcance (Bootstrap,
p < 0.05). In addition, average thresholds in some subjectsdecreased when the outer annulus was presented (Fig. 4B; data
from the subject in Fig. 3B is shown at the upper left), with four
subjects reaching statistical signiﬁcance (Bootstrap, p < 0.05). The
average horizontal shift and the average threshold across subjects
are shown with thick lines in Fig. 4. The horizontal shift of 3.60%
with the outer annulus was signiﬁcantly smaller than 11.3% with-
out the outer annulus (Wilcoxon signed-rank test, n = 8, p = 0.012).
The threshold of 17.9% with the outer annulus was also signiﬁ-
cantly smaller than 23.7% without the outer annulus (Wilcoxon
signed-rank test, n = 8, p = 0.036). These results indicate that both
a decrease in the range of spatial integration and an increase in
sensitivity to motion occurred with the addition of the outer
annulus.
3.3. Does recovery with large noise occur at the fovea?
One possible explanation for the recovery of psychophysical
thresholds with a large noise annulus is that segmentation of tar-
get and distracter is difﬁcult when annulus size is small (i.e. when
the areas of the target and distracter are approximately equal) but
becomes easier with larger annulus size. If so, the same phenome-
non should also occur at the fovea assuming that the same seg-
mentation rules apply in the fovea.
Three subjects performed both experiments described above at
the fovea. All experimental procedures were identical except that
the stimulus was presented at the fovea, the stimulus was half
the size of that in the original experiment, and the ﬁxation point
was turned off during stimulus presentation. Fig. 5 shows results
from all three subjects. In the ﬁrst experiment (Fig. 5A), we ob-
served no effect of the annulus. Thresholds did not increase with
the addition of noise, consistent with results showing that crowd-
ing does not occur at the fovea (Levi, Klein, & Hariharan, 2002).
Importantly, there was no improvement with the presentation of
a large annulus, except for in one subject (Bootstrap, p < 0.05).
In the second experiment (Fig. 5B), the amount of horizontal
shift did not change depending on the presentation of the large
annulus. Although horizontal shifts were observed in each subject,
the horizontal shift was not signiﬁcantly different with and with-
out the outer annulus for any of the subjects (Bootstrap,
p > 0.05). Moreover, the threshold was also not signiﬁcantly differ-
ent with and without the outer annulus for any of the subjects
(Bootstrap, p > 0.05). Thus, it seems unlikely that segmentation is
the main factor that mediates this phenomenon.
3.4. Can positional uncertainty explain the results?
Changes in high-level processes such as attention, certainty and
conﬁdence may have had an impact on our study. For example, as
the outer radius gets larger, more positional cues to the precise
location of the central region may have become available so that
observers could more easily discern where to focus on. Here, we
changed the location of the visual stimulus across trials, adding
uncertainty to the precise location of the central region in all con-
ditions. Offset values were randomly selected from a uniform dis-
tribution ranging from 3 to 3, and added to both the horizontal
and vertical locations. Otherwise, the experiment was identical to
Fig. 1.
Fig. 6 shows results from all three subjects. The absolute thresh-
old values were slightly larger in this experiment compared to that
of Fig. 1, presumably reﬂecting that fact that the location of the
dots was randomized across trials. Nonetheless, the increase and
decrease in thresholds was observed in all subjects: they showed
larger thresholds for the 0.75 versus 4.5 annulus condition with
one subject reaching statistical signiﬁcance (Bootstrap, p < 0.05).
Although results from this experiment do not exclude the possible
contribution of high-level processes, we believe that changes in
Fig. 4. Changes in the range of spatial integration and sensitivity with added noise. (A) A comparison of the horizontal shift with or without the outer annulus for eight
subjects. Asterisks show cases where the shift with and without the outer annulus was signiﬁcantly different (Bootstrap, p < 0.05). (B) A comparison of the average threshold
with or without the outer annulus for eight subjects. Asterisks show cases where the average threshold with and without the outer annulus was signiﬁcantly different
(Bootstrap, p < 0.05). Data from the subject in Fig. 3B is shown at the upper left. Error bars denote 68% conﬁdence intervals. Average (±SEM) data across all subjects is shown
with a thick line.
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results.4. Discussion
Here, we report a non-monotonic effect of the amount of sur-
rounding motion noise on the discrimination of motion direction.
We observed that thresholds in a direction discrimination task ﬁrst
increased and then decreased when the size of a surrounding
annulus containing non-coherent motion noise increased. This in-
crease in threshold is consistent with crowding: thresholds in-
creased until the annulus extended out so that the diameter of
the stimulus was approximately half the target eccentricity
(Bouma, 1970; Toet & Levi, 1992). The decrease in threshold is a
less well known phenomenon, and has been reported only in the
orientation domain (Li et al., 2000; Poder, 2006). Although there
are several possible explanations for the observed decrease in
threshold, our results suggest that it is due both to a decrease in
the range of spatial integration and to an increase in sensitivity
to motion.4.1. Comparison with previous studies
Using a task in which subjects discriminated the orientation of
isolated bars, two recent studies varied the number of distracters,
rather than the distance between target and distracter, and found a
reduction in crowding (Li et al., 2000; Poder, 2006). Li et al. (2000)
showed a reduction in crowding when the area of distracters ex-
ceed 2.14, at an eccentricity of 3.5. Poder (2006) found a similar
phenomenon, reporting a reduction in crowding when the area of
distracters exceeded 1.34, at an eccentricity of 5.3. Target sizeand contrast differed between these studies and our own, making
it difﬁcult to directly compare results. Nonetheless, these studies
conﬁrm that recovery in performance with increased distracters
is not a phenomenon unique to motion direction discrimination.
Several studies have varied the density of distracters and
showed improvement of target detection or shape discrimination
with higher density (e.g., Bravo & Nakayama, 1992; Sagi & Julesz,
1987). These studies have concluded that local interactions
responsible for texture segregation are activated with higher den-
sity, contributing to improvement in detection and discrimina-
tion. Although we did not vary the density of the stimulus, it is
possible that local interactions responsible for texture segregation
are weak when the surrounding annulus is small and stronger
when the surrounding annulus is large. This prompted us to re-
peat the experiment at the fovea. Since local interactions respon-
sible for texture segregation should be active at the fovea, the
recovery in discrimination thresholds with a larger annulus
should occur even at the fovea. This, however, was not the case,
making it unlikely that texture segregation is the main factor that
mediates this phenomenon.
Spatial interactions using motion displays have been previously
reported (Bex & Dakin, 2005; Bex et al., 2003). These studies re-
ported crowding, but did not ﬁnd a reduction in crowding, presum-
ably because they used the conventional method in which the
distance between target and distracter varied across trials. We in-
stead varied the size of the surrounding annulus, which is likely to
be important in inducing the recovery in performance.
Recently, Takemura and Murakami (2010) reported that sensi-
tivity to motion is enhanced when surrounded by motion orthog-
onal to that of the center. This phenomenon is potentially similar
to our study. However, they have a very different interpretation
of the underlying mechanisms. Takemura and Murakami (2010)
Fig. 5. Motion discrimination thresholds and the range of spatial integration do not
change with added noise at the fovea. (A) Experimental procedures were identical
to Fig. 2, except that the stimulus was presented at the fovea and they were half
size. Psychophysical thresholds were plotted as a function of annulus width for
three subjects. Asterisks show cases where the threshold for the 0.375 versus 2.25
annulus condition was signiﬁcantly different (Bootstrap, p < 0.05). (B) Experimental
procedures were identical to Fig. 4, except that the stimulus was presented at the
fovea and they were half size. Top row shows a comparison of the horizontal shift
with or without the outer annulus for three subjects. Bottom row shows
comparison of the average threshold with or without the outer annulus for three
subjects. Error bars denote 68% conﬁdence intervals.
Fig. 6. Increase and decrease in motion discrimination thresholds with added noise
was observed even when the location of the stimulus changed across trials.
Psychophysical thresholds were plotted as a function of annulus width for three
subjects. Asterisks show cases where the threshold for the 0.75 versus 4.5 annulus
condition was signiﬁcantly different (Bootstrap, p < 0.05). Error bars denote 68%
conﬁdence intervals.
1984 R. Sasaki, T. Uka / Vision Research 51 (2011) 1979–1985proposed that optimal integration of induced and physical motion
may enable direction representations to be more distinguishable
from noise, making them more accurate. In addition, their results
cannot be explained by a contraction in the range of spatial inte-
gration, and thus their ﬁnding is presumably a different phenome-
non as ours.
Finally, Tadin, Lappin, Gilroy, and Blake (2003) reported that
increasing the size of a high-contrast Gabor patch increased psy-
chophysical thresholds in a direction discrimination task. They
suggested that surround inhibition, possibly in MT neurons, could
account for the decrease in behavioral performance with in-
creased size. This, at ﬁrst glance, seems to be inconsistent withour own study; however, the key difference between the two
studies lies in the exact conﬁguration of the stimulus. Tadin
et al. (2003) used a moving Gabor patch, whereas the surround-
ing annulus in our study consisted of 0% coherence random mo-
tion, which presumably inhibits the activity of neurons tuned to
all directions. In contrast, a high-contrast moving Gabor patch
would only inhibit the activity of the pool of neurons that detects
motion in the direction that the patch is moving; the pool of neu-
rons signaling the opposite direction would not be suppressed
(Pack, Hunter, & Born, 2005). Assuming that direction discrimina-
tion involves the comparison of pools of neurons tuned to oppo-
site directions, inhibition of both pools of neurons could lead to
better discrimination performance if the difference in response
of the two pools increases and/or the variability across trials de-
creases depending on the amount of inhibition, whereas sole inhi-
bition of neurons with the larger response may degrade
performance. Additionally, there was no need for segmentation
in the Tadin et al. (2003) study, whereas our task required the
subjects to differentiate between the center and surrounding
annulus. These differences may explain the apparent discrepancy
between the two studies.
4.2. Neural mechanism of distracter interaction
Impairment of visual discriminability due to surrounding ele-
ments is thought to occur because of surround suppression (Li
et al., 2000). In this hypothesis, neurons that respond to the target
are suppressed when the target is surrounded by distracters. The
reduction in ﬁring is thought to be the cause of reduced detectabil-
ity or discriminability. Recovery in visual discriminability with a
larger amount of noise in this study can be explained in this frame-
work if surround suppression is disinhibited, but this is not sup-
ported by experimental data (Li et al., 2000). Furthermore, this
framework does not take into account the reduction in the range
of spatial integration, which was observed in our second
experiment.
Here, we propose a different view; speciﬁcally, we propose
that impaired discriminability occurs due to spatial integration
within the excitatory response ﬁeld and that the recovery in dis-
criminability occurs because of contraction of the spatial integra-
tion ﬁeld and an increase in sensitivity to motion. Indeed, we
have found that the apparent size of receptive ﬁelds of MT neu-
rons contract when concurrently presented with motion noise
(Kumano & Uka, 2008), although our psychophysical data does
not necessary provide evidence for the occurrence of contraction
in area MT.
In summary, we demonstrated a non-monotonic effect of sur-
rounding motion noise on the discrimination of motion direction.
Importantly, we found that the recovery of visual discriminability
with a larger surrounding annulus was primarily due to contrac-
tion of the range of spatial integration. This mechanism might be
related to surround suppression, which is thought to be active
while viewing natural scenes (Olshausen & Field, 1996). It is thus
likely that the ability to discriminate motion direction in a
crowded natural scene is better than that measured using conven-
tional laboratory stimuli.
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